a Long-lived di-and trianions have been formed from fluorofullerenes in the gas phase by electrospray ionization. Fragmentation of multiply charged anions has been induced by multiple low-energy collisions.
Introduction
Multiply charged anions (MCAs) are amongst the most elusive species in the gas phase. [1] [2] [3] [4] In solution or in the condensed phase MCAs are stabilized by interaction with suitable partners. However, when transferred into the gas phase, their stability entirely depends on the ability to accommodate several repulsive charges on one isolated entity. Some of the most common dianions in solution, such as CO 3 2À or SO 4 2À , could not be generated in the gas phase. [1] [2] [3] [4] Those MCAs that showed sufficient stability have attracted attention and different approaches have been developed to study MCAs in the gas phase. [1] [2] [3] [4] Stable gas phase dianions of fluorofullerenes have long been known and have been the topic of several investigations. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Fluorofullerene dianions have been generated in various ways, including double electron attachment, 5,14 electrochemical production followed by electrospray ionization-based transfer into the gas phase, 13 electrospray ionization (ESI) from solutions doped with organic electron donor compounds, 6, 8 direct ESI 9 and high-kinetic energy collisions, causing electron transfer to a monoanionic projectile fluorofullerene ion from gaseous sodium 7 and other gases. [10] [11] [12] In the latter experiments it has been even possible to generate long-lived fluorofullerene trianions. 15 In fluorofullerenes the combination of molecular size, the presence of strong covalent CC and CF bonds, as well as high electronegativity leads to a favorable situation in which the dianions are particularly stable. The fluorofullerene dianions have been found to be even more stable towards electron detachment than the corresponding monoanions. 14 Fluorofullerenes possess a large second electron affinity (EA 2 ). In the present context, the EA 2 is defined as the energy difference between mono-and dianions and positive values are assigned to thermochemically stable dianions. The EA 2 has been determined, for instance, by photoelectron spectroscopy as the adiabatic electron detachment energy of the dianion. 17, 18 Of essential importance in the context of stability of the MCA towards electron detachment is the presence of a repulsive Coulomb barrier (RCB). 14, 19 The RCB arises as a combination of the binding interactions of the extra electron with the remainder of the MCAs in the short range and the charge repulsion in the long range, resulting in a potential, which may prevent spontaneous electron autodetachment.
The even electron trianion C 60 F 47 3À is among the very few trianions that could be detected at all in the gas phase. It was generated in high-energy collisions of C 60 F 47 À with Na as the collision gas by successive double electron attachment. While the third electron affinity of C 60 F 47 3À was calculated to be negative, leaving the trianion thermochemically unstable, the third electron is supposed to be trapped by a sufficiently high RCB. 15 In the present investigation, di-and trianions are formed from fluorofullerenes by direct electrospray ionization. These stable and long-lived MCAs are activated by low-energy collisions and the resulting dissociation behavior is recorded in MS n experiments using an ion trap mass spectrometer and establishing a fragmentation pedigree, providing unequivocal connectivity of the precursor and product ions of successive generations. The dianions with odd and even F numbers could be studied in a second collision experiment using a Qq-TOF mass spectrometer, allowing the study of energy-dependent dissociations of the dianionic precursor ions.
Experimental section

Materials and reagents
The fluorofullerene sample was of commercial origin and prepared by fluorination of fullerene with elemental fluorine. Similar samples have been the subject of earlier investigations into laser desorption/ionization and monoanion CID, 20 determination of ionization energies by synchrotron radiation 21 and ion formation by nanospray ionization. 22 
Sample preparation
Fluorinated fullerenes were dissolved either in acetonitrile (MeCN) or N,N-dimethylformamide (DMF), at a concentration of roughly 10 À5 mol L À1 . Since fluorofullerenes decompose quickly in polar solvents, all samples were freshly prepared for consistent results. The samples were introduced into the ion source employing a single-syringe infusion pump (Cole Parmer, Vernon Hills, Illinois).
MS n experiments
MS n experiments were carried out using an ESI-quadrupole ion trap instrument (esquire6000, Bruker) with the following settings. Sample flow rate, 4.0 mL min
À1
; nebulizer nitrogen pressure, 689 hPa; capillary entrance voltage, +4000 V; spray shield voltage, +3500 V; nitrogen dry gas temperature, 573 K; dry gas flow rate, 5.0 L min
; and the helium buffer/collision gas pressure was set to 4.0 Â 10 À6 hPa (the actual pressure in the analyzer is approximately 100 times higher 23 ). Generally, the ion transfer settings vary due to spectrum tuning.
Energy-dependent collision-induced dissociations (CID)
Energy-dependent dissociation experiments were obtained using an electrospray quadrupole/time-of-flight (ESI-Qq-TOF) instrument (micrOTOF-Q II, Bruker). The following settings were applied. Flow rate, 3.0 mL min À1 ; nebulizer nitrogen pressure, 400 hPa; capillary entrance voltage, +5000 V; spray shield voltage, +4500 V; nitrogen dry gas temperature, 453 K; and dry gas flow rate, 4.0 L min À1 . Collision-induced dissociations (MS 2 -CID) were conducted in the collision cell q located between Q and TOF, following mass selection and preceding the high-resolution daughter ion analysis in the TOF analyzer. Nitrogen (N 2 ) was used as the collision gas. The collision voltage was varied between 5 and 200 V. The precursor ions were selected with an isolation width of m/z 10. The recorded spectra were processed using DataAnalysis 4.0 software (Bruker).
Energy-dependent survival yields
In order to compare the stability of the fluorofullerene dianions the survival yield (SY) [24] [25] [26] [27] of the precursor ion species was plotted as a function of the collision energy in the center-of-mass frame (E COM ), which is expressed by eqn (1) with the laboratoryframe collision energy E LAB , the mass of the collision-gas molecule m collision gas and the mass of the precursor ion m precursor ion .
24-34
All resulting sigmoidal curves can be described by a sigmoid function which is defined by eqn (2)
where SY is the survival yield (in percent), x = E COM (in volts) and a, b, c (in volts
À1
) and x 50 (in volts) are fitting parameters (x 50 = E COM,50 ). The fitting of the four parameters a, b, c and x 50 was conducted applying a scaled Levenberg-Marquardt algorithm. The comparison of the precursor ion stabilities can be obtained by comparing x 50 at SY = 50% which is the E COM value at which the function has reached half of its maximum. 26 The E COM which is necessary for the effective fragmentation of the fluorofullerene dianions is rather high within the low-energy collision regime. Thus, scattering and electron loss lead to low precursor ion abundance and a low signal-to-noise ratio, even if the precursor ion intensity was sufficiently high at low collision energies (isolation without fragmentation). Both effects might result in an error that cannot be overcome by the present instrumental setup.
Results and discussion Evidently, the nature of the solvent has a profound influence on the resulting ion distribution. ESI from MeCN ( Fig. 1A ) leads to a distribution in which the monoanions are more abundant than the dianions. Within the dianion population, species with an odd F number are more pronounced than the dianions with even F content. When sprayed from DMF, the situation is reversed with the dianions being more abundant than monoanions and dianions with even F content prevailing over those with odd F count. The electrochemical nature inherent to the ESI process plays an essential role in the ion formation under the present conditions. . While the underlying processes that lead to the different ion distributions (Fig. 1) remain unresolved, the practical advantage has to be seen in the fact that dianions with both even and odd F content can be formed deliberately by simply changing the solvent. In this way, for the study of odd F content dianions MeCN was used as the solvent and for the study of dianions with even F count DMF was employed.
In Fig. 2 the fragmentation behavior is established by MS n experiments, using C 60 F n 2À dianions with odd (n = 47) and even 
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F content (n = 46) as the initial precursor ions. The fragmentation pattern is straightforward and clean. C 60 F 47 2À ( Fig. 2A) shows the loss of an F atom leading to the C 60 F 46 2À dianion with even F content (Fig. 2B ). Selection and further activation of the latter ion (MS 3 ) lead to a Coulomb explosion into F À (below the detection limit of the ion trap) and C 60 F 45 À (Fig. 2C) . A reaction that leads to separation of equal charges is here referred to as a Coulomb explosion. 37 The alternative reaction path of neutral losses into smaller dianions occurs for the C 60 F 46 2À dianion only to a very minor extent, producing a minute amount of C 60 F 44 2À product ion by F 2 loss. In the final MS 4 experiment (Fig. 2D) , the C 60 F 45 À monoanion undergoes F 2 loss to produce C 60 F 43
À
. This fragmentation behavior seems to be governed by the tendency to produce product ions of enhanced electronic stability, which are characterized by an even electron count, signifying the closed shell system. For dianions the even electron configuration is reached with an even-numbered F atom content, whereas mono-and trianions would require an odd F number. Fig. 2A-D) . Both dianions show essentially the same dissociation behavior. An earlier odd/ even alternation was discovered in dissociative electron capture experiments with fluorinated fullerene cations. 11 It was found that the formation of odd F-containing dianions was accompanied by the preferred loss of just one F atom, while even F-containing dianions were preferably accompanied by the loss of two F atoms. Both the present and earlier 11 odd/even alternation are driven by the enhanced stability of the even electron system. In the next set of experiments, the fragmentation behavior of the fluorofullerene dianions is studied in energy-dependent collision-induced dissociations employing a Qq-TOF instrument. In these experiments, the dianion of interest is selected using a quadrupole mass filter and allowed to enter a quadrupole that functions as a collision cell at a well-defined kinetic energy, which is varied stepwise between z Â 5 eV and z Â 200 eV (z being the charge number of the precursor ion). During the flight through the collision cell quadrupole, the projectile precursor ion experiences multiple low-energy collision events. The internal energy content of the ion increases and fragmentation leads to product ions. The product ions may also be activated and undergo further dissociations. By increasing the kinetic energy of the incoming ion, the extent of fragmentation can be increased and a cascade of successive reactions may be extended. After the collision cell, the ion distribution is recorded using a TOF analyzer. The plot of the relative ion distribution as a function of collision energy is commonly referred to as a breakdown graph. The breakdown graph provides insight into the energetic demands of the dissociation and may also reveal the occurrence of parallel vs. successive reaction pathways. 38 We note that CID using collisions in the ion trap would not result in a similar extent of fragmentation as only the parent ions are activated and not the resulting product ions. 39 Fig . 3A displays the breakdown graphs of the (odd electron) C 60 F 45 2À dianion.
Upon increasing collision energy, F atom loss leads to the formation of the (even electron) C 60 F 44 2À dianion, which upon further increase of the collision energy undergoes a Coulomb explosion into the (even electron) C 60 F 43 À monoanion, which undergoes successive F 2 losses into smaller even-electron monoanions. Fig. 3B shows the corresponding breakdown graph of the C 60 F 44 2À dianion. It is confirmed that the Coulomb explosion of the even electron dianion requires roughly twice (factor 5/3) the collision energy needed for the F atom loss from the less favored odd electron dianion. Moreover, comparing Fig. 3A and B, the almost perfect match of various successive reactions in both figures is apparent. The sequential reactions start in both cases with the C 60 F 44 2À dianion, in one case it is generated in the ESI source (Fig. 3B ) and in the other case by CID from C 60 F 45 2À (Fig. 3A) . Evidently, both processes afford here dianions with very similar internal energy content.
In the following, we discuss the energy-dependent dissociations of different dianionic precursor ions featuring even and odd F content. The decline of the precursor ion abundance is displayed as a function of E COM (Fig. 4) . The collision energy at which the precursor ion has declined to half of its initial abundance is referred to as x 50 value (=E COM,50 ) and is taken as a measure of the relative stability of the ions in the collision experiment. The dianions C 60 F n 2À with n = 45, 47 and 49 of odd electron amount are compared to the even electron dianions C 60 F n 2À with n = 42, 44
and 46. The odd electron dianions show an x 50 value of 1.6 eV for the F loss und the even electron dianions display an x 50 value of 2.7 eV for the F À loss (Coulomb explosion). It is confirmed that the even electron dianions are more stable, resisting the Coulomb explosion up to an E COM that is by a factor of 5/3 higher than the E COM required for the less stable odd electron dianions to undergo F loss. The driving force facilitating the F loss seems to result from the transition of odd to even electron configuration in the dianion. The final set of experiments is again conducted using the ESI-ion trap instrument, with which the detection of triply charged anions of the form C 60 F n 3À with n = 43 and 45 was possible. The three extra electrons reside on a fluorofullerene molecule that has undergone the formal loss of one F atom to obtain an odd F number. The resulting trianion is of even electron count and thus the more stable variant to the true molecular trianion, which could not be observed in these experiments. Trianions of observed type have been produced before by high-energy collision-induced double electron attachment from the corresponding monoanion. 15 While the third electron affinity has been predicted to be negative, so that the trianion is thermochemically unstable, the existence of a substantial RCB of around 1 eV has been estimated to prevent electron loss from the trianion. 15 In the initial experiment, the time between the collision event that formed the trianion and its detection limited its lifetime to a maximum of about 10 ms. In the present study the trianions are formed by direct ESI using an ion trap for detection, which translates into a lifetime of at least 0.1 s, extending the lifetime of the trianions by five orders of magnitude and confirming that these trianions are in fact long-lived. The fragmentation behavior of the C 60 F 45 3À trianion can be predicted from the dianion behavior. An odd electron trianion (which was not observed here) would be expected to release an F atom to turn into an even electron trianion. The even electron trianion would be expected to undergo a Coulomb explosion by F À loss to produce the even electron dianion. This is exactly the behavior that has been observed in Fig. 5 the trianions could not be generated on the ESI-Qq-TOF instrument to allow energy-resolved dissociations to be conducted. 
Conclusions
The fragmentation dynamics of fluorofullerene di-and trianions is governed by their electronic stability. The driving force for the dissociations is the formation of ions with an even electron count and closed shell electron configuration. Uneven electron MCAs show the loss of an F atom to turn into an even electron MCA. Even electron MCAs undergo F À anion loss in a Coulomb explosion, reducing the charge state of the MCA by one. The F loss proceeds from the less stable electron configuration and is less energy demanding than the Coulomb explosion.
